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Abstract
The Energy & Environmental Research Center (EERC) is leading the Partnership for CO2 Capture (PCO2C) Program, which 
focuses on demonstrating CO2 separation and capture technologies at the pilot scale for fossil fuel-fired systems to help identify 
the key challenges associated with each technology. The program is sponsored by the U.S. Department of Energy, the North 
Dakota Industrial Commission, and several electric utilities and technology vendors. Phases I and II aimed to provide key 
technical and economic information to examine the feasibility of selected CO2 capture technologies. Phase III of the project is 
under way. This paper briefly summarizes the program. 
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1. Introduction
Development of an economically feasible carbon capture technology continues to be one of the biggest challenges 
to the fossil energy industry in the 21st century. Many existing technologies are capable of capturing carbon from 
coal-fired power plants, but to date, all come at a high cost and high energy penalty. Development and evaluation of 
new technologies are critical steps toward economical carbon capture. Because of this challenge, the Energy & 
Environmental Research Center (EERC) initiated a multimillion-dollar project to evaluate several carbon dioxide 
(CO2) capture technologies that are among the most advanced systems under development. The Partnership for CO2
Capture (PCO2C) Program was developed with the overall goal of advancing the state of CO2 capture by evaluating 
and demonstrating those technologies that are nearest to commercial viability for utility applications. In performing 
* Corresponding author. Tel.: +701-777-4580; fax: +1-701-777-5181
E-mail address: jkay@undeerc.org
 2014 Energy & Environmental Research Center, University of North Dakota. Published by Elsevier Limited. This is an open access article under the CC 
BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Organizing Committee of GHGT-12
1904   John P. Kay et al. /  Energy Procedia  63 ( 2014 )  1903 – 1910 
pilot-scale testing of these systems, strengths and weaknesses of each technology were identified and will allow for 
strategies to be developed to enhance performance and decrease costs for future applications. 
Currently, several CO2 capture technologies are under development. Some of these technologies have been used 
for decades for capturing CO2, such as in oil and gas refineries. Many challenges exist when applying technologies 
to a coal-fired power plant, such as CO2 partial pressure, volumes of CO2 to be captured, scale of equipment, energy 
penalties, and cost. Of the many technologies that are under development, only a few can be considered close to 
commercial-scale-ready. A very small number of those technologies are currently under construction and are in the 
beginning stages of utilization, so publicly available data on these systems are scarce. These technologies are based 
on 1) solvent absorption and stripping and 2) oxygen-fired combustion. 
The PCO2C Program was aimed at providing government and industry with key technical and economic 
information to examine the feasibility of these chosen technologies as a function of fuel type and system 
configuration. The program involved the following activities:
• Integrate a high-efficiency, flexible scrubber system with existing pilot-scale combustion and emission control 
systems to evaluate the performance of several scrubbing solvents in flue gas streams derived from selected fossil 
fuels.
• Evaluate the performance of emerging CO2 capture technologies under development.
• Perform systems engineering modeling to examine efficient and cost-effective integration of CO2 capture 
technologies in existing and new systems.
• Provide value-added reports to enhance the program and provide additional insight into subject areas that are 
within the intent of the program but outside of what can be easily tested and evaluated at the pilot scale.
2. Project background
The PCO2C project was split into three project phases. In Phase I, the EERC conducted pilot-scale demonstration 
testing of selected CO2 separation and capture technologies for fossil fuel systems. Phase I began in July 2008 and 
aimed to provide government and industry partners with key technical and economic information on the feasibility 
of several CO2 capture technologies for scale-up. The technologies tested in the pilot-scale systems at the EERC 
included oxygen-fired combustion and several solvent-based postcombustion capture technologies. The second 
phase of PCO2C began in September 2010, and it involved continuing new research for the promising technologies 
tested in Phase I, as well as evaluating new emerging technologies. Phase II used the data gathered during Phase I 
for the development of lower-cost and more effective CO2 capture strategies. Phase II also included strategic studies 
of the impacts of CO2 capture system integration with utility-scale power stations and an in-depth look at technology 
life cycles, balance of plant (BOP) issues, commercialization time scales, and by-product handling.
Evaluation of the most promising postcombustion solvent technologies was continued in Phase II of the project. 
Several emerging postcombustion technologies were acquired and tested on the system, including advanced solvents, 
an advanced structured packing for the absorption column, and a solid sorbent technology. Each solvent technology 
was tested with coal-derived flue gas and under simulated natural gas combined-cycle (NGCC)-derived flue gas. 
30 wt% MEA (monoethanolamine) was again used as a performance benchmark for each technology. The solid 
sorbent technology was evaluated on a slipstream of the combustion flue gas and evaluated on a transport reactor 
that was constructed under a separate project.
The EERC’s existing pilot-scale combustion unit, called the combustion test facility (CTF), was retrofitted with a 
flexible absorption and stripping system in order to evaluate advanced and novel solvents that are currently under 
development. MEA at 30 wt% was used as a baseline technology to compare against each advanced solvent. MEA 
was chosen because it is a mature technology that has been used in the gas-processing industry for many years. Tests 
of some advanced solvents resulted in a 10% to 35% decrease in energy demands and a decrease in the amount of 
solvent required to achieve the same capture rates as MEA.
During technology evaluation in Phase II, several changes were made to both the physical system and the 
technology evaluation strategies, based on Aspen Plus® process modeling, system limitations, and input from 
PCO2C partners. The EERC’s particulate test combustor (PTC) was modified to be able to send flue gas to the 
postcombustion system, giving greater flexibility in the amount of flue gas treated. A water wash column was 
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constructed to provide a means of determining solvent slip. A second absorber column was built adjacent to the 
original absorption column, essentially doubling the packing height of the column, giving the solvent more time to 
reach optimum rich loadings under certain conditions. Having two columns available provided a better 
understanding of solvent performance as compared to MEA, especially with NGCC flue gas conditions. 
Economic and process models were developed for both the oxygen-fired and postcombustion systems. Aspen 
Plus® and Aspen Process Economic Analyzer (APEA) software packages were used in modeling both the pilot 
systems and a scaled-up retrofit case. The models were based on the data and information developed during the
Phase I and II technology evaluations.
The goal of the Phase III activity is to advance the state of CO2 capture technology and create tools for managing 
CO2 capture decisions through continued pilot-scale and systems engineering analyses. In order to meet the goals of 
this project, four objectives were identified:
x Through pilot-scale demonstrations, find and evaluate promising precombustion and postcombustion CO2
capture technologies.
x Evaluate CO2 pretreatment technologies that can enhance the cost and performance of CO2 capture systems.
x Continue the creation of systems engineering-based models with pilot-scale data and evaluations.
x Utilize the information gathered through the modeling and pilot-scale work to create economic-based decision 
tools that can aid owners and operators of CO2 emission sources in capture-based strategies.
3. Postcombustion testing
Several postcombustion amine-scrubbing technologies were envisioned to be demonstrated at the pilot scale in 
the course of the PCO2C project. Four different solvent technologies were selected for testing in Phase I, including a 
standard 30 wt% MEA as the base case solvent and proprietary solvent H3-1 supplied by Hitachi Corporation, a
mixture of MEA and Huntsman’s additive, and a mixture of MDEA (methyldiethanolamine) and PZ (piperazine).
Each of these technologies was tested for about 5 days continuously on flue gas generated by burning Antelope 
Powder River Basin subbituminous coal. The configuration of the CTF used in all tests includes a combustion 
furnace and various downstream pollution control devices: an electrostatic precipitator (ESP) for ash and particulate 
control, a wet flue gas desulfurization (WFGD) scrubber for SO2 control, and a hot-side SCR (selective catalytic 
reduction) unit for NOx control.
For Phase II, Hitachi Corporation’s H3-1 solvent was further tested along with advanced solvents Huntsman, 
Cansolv Technologies, and ION Engineering and their performance compared against that of MEA. Both coal-based 
and simulated NGCC-based flue gases were employed during the testing.
The effects of several parameters on the CO2 capture performance were investigated during these tests, including 
solvent regeneration energy (reboiler duty), solvent flow rate, stripper column pressure, and absorber inlet 
temperature. The level of CO2 capture performance that was targeted in these tests was 90% capture, and the 
parameters mentioned above were varied to determine the conditions needed to achieve the CO2 capture target for 
each technology. Karl Fischer titrations were conducted on solvent samples to monitor water concentration during 
all test runs. In addition, samples were also collected during testing and analyzed to determine the levels of free 
amine, bound amine, heat-stable salts (HSS), trace metal corrosion products, major elements, and solvent CO2
loading to assist in evaluating the impact of flue gas components such as NOx, SOx, and O2 on the integrity of these 
solvents. 
3.1. Description of the solvent scrubbing system
The design, fabrication, and shakedown of the sorbent absorption and stripping column (SASC) system were 
carried out for this activity solely by the PCO2C group. In designing the system, the EERC received design review 
from Huntsman, a global manufacturer and marketer of differentiated chemicals. This process was crucial to the 
design phase as Huntsman has vast experience in the gas-treating industry using similar solvents to those that were 
evaluated during this project. 
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The unit as fabricated in Phase I consists of two main columns, each constructed from 10-in. (25-cm)-i.d. 
stainless steel column sections of varying lengths bolted together to achieve a desired total height. An image 
showing the CTF furnace and carbon capture system is given in Fig. 1. Koch–Glitsch IMTP 25 316L stainless steel 
random packing was loaded in each column. Packing height, size, and type can easily be modified to accommodate 
different solvents and test conditions. The columns were designed to handle up to 130 scfm of flue gas generated in 
the CTF. A demister was installed near the top of the absorber column to keep the flue gas from carrying solvent 
through with the gas exhaust stream. A solvent collection tank was located at the base of both columns. Solvent was 
typically pumped at about 3–8 gallons (11 to 30 L) a minute.
The absorber column was designed to operate at or around atmospheric pressure. The stripper column, however, 
was designed to operate at a positive static pressure. The stripper column was operated between 3 and 12 psig during 
shakedown and testing. Pressure in the stripper column was regulated by a back-pressure control valve on the 
exhaust line downstream of the reflux drum.
Filter housings were placed in both the rich and lean solvent lines to clean the solvents of any contaminants. A 
third filter housing was mounted in-line for the lean solvent going to the reboiler heat exchanger. All wetted parts in 
the system were constructed from stainless steel 316L, with the exception of the columns themselves, which were 
made from a duplex 2205 stainless steel alloy. Duplex 2205 stainless steel alloy was chosen as the column material 
for its added corrosion resistance. Sample ports were located near the base and top of each column to take solvent 
samples needed for analysis.
Heaters were wrapped around each column and collection tank to provide auxiliary heat in addition to the heat 
generated within the system. The stripper column was typically run around 200°–250°F (93°–121°C). Auxiliary 
heaters and insulation helped maintain those temperatures. Each solvent collection tank, including the reflux tank, 
was instrumented with both a level sensor and a visual level sight glass. All level indicators, pumps, flowmeters, 
thermocouples, and pressure gauges were monitored and controlled using laptop-based LabVIEW software.
In a typical test run with the SASC system, many parameters were monitored to determine any resultant impact 
on CO2 absorption. Table 1 presents the main system parameters that were manipulated in optimizing the system to 
maximize CO2 removal. During any single test run, these parameters were manipulated to pursue an optimal CO2
capture efficiency, solvent degradation rate, or other desired performance characteristic. 
Fig. 1. Image of the CTF pilot system and the postcombustion SASC system.
 John P. Kay et al. /  Energy Procedia  63 ( 2014 )  1903 – 1910 1907
Table 1. SASC test variable parameters and ranges.
Typical Range
CTF System Variations
Inlet Gas Flow Rate 60–130 scfm
Inlet Gas Temperature 90°–120°F
NOx to Columns 0–600 ppm
SO2 to Columns 0–600 ppm
SASC System Variations
Solvent Flow Rate Through Absorber 3–10 gpm
Condenser Cooling Water Flow Rate 1–6 gpm
Lean Solvent to Absorber Temperature 80°–150°F
Stripper Static Pressure 3–14 psig
Steam Reboiler Pressure 10–40 psig
Solvent Concentration As requested
Makeup Rate 0–500 mL/min
Operation of the combustion system was the driver for a few of the variable parameters. Inlet gas flow rate was 
controlled by the system’s induced-draft (ID) fan and the CO2 booster blower. Some parameters, such as SO2
concentration of the flue gas entering the column, are fuel-dependent. SO2 concentration at the absorber inlet was 
manipulated in two manners: either bypassing the wet scrubber or reducing the amount of slurry used to scrub SO2,
allowing some SO2 through to the absorber. 
One critical test parameter was inlet gas temperature. To regulate inlet temperature, the direct column cooler 
(DCC) was installed just upstream of the absorber column. The DCC column was designed and fabricated to 
function as a spray dryer and humidity control device. Water that passed through the DCC cooled and dried the flue 
gas before the absorber. Inlet gas temperature was controlled by increasing or decreasing water flow through the 
DCC with a valved rotometer.
Several minor changes to the postcombustion capture system were made between Phases I and II to improve 
performance and better address vendor requirements. These changes included the addition of a disengaging section 
to the absorber column, an absorber intracolumn cooler, new structured packing, several small equipment changes, 
and the addition of a water wash section.
3.2. Solvent testing
Testing was conducted utilizing standard 30 wt% MEA solution as the baseline solvent to which the other 
solvents were compared. The effects of several parameters on the CO2 capture performance were investigated during 
these tests, including solvent regeneration energy (reboiler duty), solvent flow rate, stripper column static pressure, 
and absorber inlet temperature. In addition, samples were also collected during testing and analyzed to determine the 
levels of free amine, bound amine, HSS; trace metal corrosion products; and major elements and solvent CO2
loading to determine the impact of flue gas components such as NOx, SOx, and O2 on the integrity of these solvents. 
All solvents tested were able to reach the goal of 90% CO2 capture during testing. A number of test parameters 
were manipulated to monitor CO2 capture under varying conditions. Data from the advanced solvents and MEA tests 
conducted suggest that MEA will require about 10%–40% more heat input to achieve 90% CO2 capture than the 
advanced amine-based solvents 
Investigations of the effects of L/G (liquid-to-gas) ratio showed that MEA solution required a higher solvent flow 
rate (about 30%–50%) than H3-1 to attain 90% CO2 capture for a given amount of treated flue gas. Consequently, 
the use of H3-1 for a large-scale process could lead to significant economic benefits over MEA. Conversely, tests on 
MDEA+PZ showed a solvent usage about 135% higher than MEA was needed to reach 90% capture, indicating that 
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MEA could potentially be more effective in terms of solvent usage. This is illustrated in Fig. 2. The effect of solvent 
flow rate for Huntsman additive was not examined over enough test periods to establish a comparable data set.
The intent was not to directly compare the performance of one vendor’s solvent to another so the results are 
presented separately for each. Solvent results for regeneration energy and L/G ratio were compared directly to the 
performance of MEA at 90% capture. This gives the performance of the solvent as a direct percentage of change 
over the performance of MEA. Because of the modifications to the pilot system, MEA was rerun in Phase II and a 
new baseline established.
As an example of the data generated during Phase II, the performance of the Cansolv solvent is given in Fig. 3,
showing performance as compared to MEA. Performance of this solvent has the potential to be at least a 30% 
improvement in regeneration energy with a greater than 10% reduction in L/G. The sharp drop in the curve for the 
L/G ratio of 0.88 might be exaggerated as the testing run times were short and steady state most likely was not
reached.
4. Modeling and economic assessment
Three models were constructed to represent the pilot system: a coal combustion model that simulated the 
combustion process and flue gas cleaning, a CO2 capture model to simulate the removal of CO2 from the flue gas 
stream, and a CO2 compression and liquefaction model to simulate the compression of the CO2 to 2000 psi for 
insertion into a pipeline. The Aspen Plus models were then analyzed and optimized using test results for validation. 
For economic evaluations, the model was developed using Aspen Plus software and mimicked the boiler and 
steam cycle for Cases 9 and 10 (subcritical coal-fired system) from the U.S. Department of Energy (DOE) report 
entitled “Cost and Performance Baseline for Fossil Energy Plants, Volume 1: Bituminous Coal and Natural Gas to 
Electricity” [1]. Case 9 represents a 550-MW-net pulverized coal (pc)-fired power plant with a traditional steam 
cycle operating at 36.8% efficiency. Case 10 represents a 550-MW-net pc-fired power plant with 90% CO2 capture. 
The overall plant size is increased to account for the significant parasitic load of the CO2 capture process, and the 
overall efficiency is 26.2%. The models developed in the DOE report serve as the basis for which all CO2 capture 
technologies are analyzed. 
Fig. 2. Solvent L/G ratio results from Phase I testing.
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Fig. 3. Results of Cansolv solvent testing as compared to MEA at 90% capture.
The EERC-developed Aspen Plus model was resized and calibrated based on the liquid flow and steam usage 
requirements for each of the solvents evaluated in this project. A complete mass and energy balance was developed 
around the major process areas of a coal-fired power plant, and guidance from Cases 9 and 10 of the report was used 
to size minor equipment and determine auxiliary power loads. The CO2 capture portion of the process was modeled 
in detail and integrated with the steam cycle model. Each of the solvents evaluated in this program outperformed the 
baseline MEA case; therefore, the overall plant efficiency achieved when using the advanced technologies was 
higher than Case 10 of the DOE report. 
The economic modeling included an analysis of DOE’s MEA Case 10, which is based on a basic 30 wt% MEA, 
which does not include any upgrades to the system based on current technology. The MEA EERC case is based on 
the EERC’s model, which was calibrated based on the pilot-scale data, showing the improvements from intercolumn 
cooling and advanced structured packing. A summary of the economic evaluation is given in Table 2 showing 
potential improvements for the cost of electricity (COE) and CO2 capture costs.
Table 2. Economic evaluation results of selected solvents tested under Phase II.
DOE Report EERC Case 10 Models – Using Pilot-Scale Data for Advanced Solvents
Case 9 No
Capture
Case 10 with 
Capture MEA ION Huntsman Cansolv
Gross Output, MW 582.6 672.7 660.3 623.8 646.0 641.7
Net Output, MW 550 550 550 550 550 550
Potential COE, $2011/MWh 
and Potential Improvements 82 142 Baseline
Percent of Baseline
87 95 92
Potential CO2 Capture Cost, 
$2011/ton and Potential 
Improvements
– 59 Baseline
Percent of Baseline
74 91 85
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5. Conclusions
For the case of postcombustion capture, 90% CO2 capture can be met with MEA and advanced solvents. The 
EERC system was able to capture at least 90% of the CO2 present in the flue gas for each advanced solvent and the 
baseline MEA. Results of the testing indicate that the use of advanced solvents can reduce the cost of capture 
considerably. Several technologies were tested in the EERC’s pilot plant, including MEA benchmarking with 
random packing and advanced packing; Hitachi’s H3-1 solvent; and solvents from Cansolv, Huntsman, and ION 
Engineering. Based on the preliminary testing, the majority of the Phase II effort focused on the Cansolv, Huntsman, 
and ION Engineering solvents as it was determined that these technologies had the most promise for improvement. 
The results of testing concluded that the solvents have good potential to reduce the overall cost of capture when 
compared to that of MEA. Regeneration energy can be reduced by 20% to 50% compared to the MEA solvent at a 
90% CO2 capture rate. L/G ratios can also be reduced significantly by 25% to 35%. Techno-economic analysis was 
performed based on the solvent test results, and again, the results concluded that significant savings are achievable 
with the advanced solvents tested. 
This work is continuing in Phase III which is currently under way. Two pretreatment technologies are scheduled 
to be tested along with two new CO2 capture technologies not previously tested. Concepts on performance under 
partial capture scenarios will be investigated. Discussions are ongoing to potentially test three precombustion 
membrane technologies as well. Modeling and economic evaluation will continue and be updated to include DOE 
Cases 11 and 12 (supercritical coal-fired system).
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